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ABSTRACT 
 
Nanoindentation with spherical and Berkovich indenters, reciprocating wear and dynamic impact tests were conducted to 
investigate the deformation and wear behavior of two Zr-based metallic glasses. The results indicated that the indenter 
shape may have an effect on the displacement bursts in the load-penetration curves as no apparent bursts could be 
observed when a Berkovich indenter was used. This possible reason was postulated as the higher stress developed under a 
Berovich indenter prompting a large number of small shear bands, confirmed by the steps observed around the indents. 
Compared to Zr55Al10Ni5Cu3 alloy, Zr41.25Ti13.75Ni10Cu12.5Be22.5 has higher resistance to both wear and dynamic impact. 
 
1 INTRODUCTION 
 
Mechanical properties of amorphous metallic glasses 
have been widely investigated using tensile or 
compression tests. Johnson [1] has demonstrated a large 
elastic deformation (up to 2%) and inhomogeneous 
plastic deformation in Zr-based metallic glasses due to 
the formation of narrow shear bands. In unaxial tension, 
catastrophic brittle failure occurs immediately after 
yielding resulting in less macroscopic plastic 
deformation [2]. This makes the evaluation of 
deformation behavior in these materials very difficult. 
Recently, nanoindentation has been proposed as an 
effective method for the study of elastic-plastic 
deformation of metallic glasses [3-7]. Adopting 
Berkovich indenter, plastic deformation of Pd- and 
Nd-based bulk metallic glasses were investigated by 
Golovin et al [6] and Wei [7], respectively. Displacement 
burst (pop-in) in load-displacement (P-h) curves was 
observed in their investigations, which was regarded as a 
consequence of discrete shear bands. However, no 
displacement burst was observed by Vaidyanathan et al 
[8] on a Zr-based metallic glass with a similar indenter. 
Therefore, the effect of indenter shape on the 
deformation behaviour of metallic glasses deserves 
further investigation. In this study, deformation behavior 
of Zr-based bulk metallic glasses was investigated using 
both Berkovich and spherical indenters. The wear 
resistance of these metallic glasses were also 
investigated. 
  
2 EXPERIMENTAL PROCEDURE 
 
Two Zr-based bulk metallic glasses, i.e., 
Zr41.25Ti13.75Ni10Cu12.5Be22.5 and Zr55Al10Ni5Cu30 
fabricated using rapid cooling method were used. The 
indentation test was conducted using the ultra-micro 
indentation system UMIS-2000 at room temperature 
(25oC). The penetration and load were continuously 
recorded. Both Berkovich and spherical indenters were 
used. The spherical indenter has a radius of 7.45 μm, 
which was verified by indenting it on fused silica with 
known modulus. The test was carried out at a constant 
loading rate of 6 mN/S to a prescribed maximum load of 
200 mN. Two loading manners, namely continuous 
load-unload and load-partial unload were adopted. 
During a continuous load-unload process the indenter is 
simply loaded to the maximum load and then withdrawn. 
In contrast, for the load-partial unload method, loading 
and unloading are repeated until the maximum load is 
reached. The morphology of the indents was observed 
using atomic force microscopy (AFM). A reciprocating 
wear tribometer (Terr) was used to evaluate the wear 
performance of the two metallic glasses. Measurements 
were carried out at room temperature with a relative 
humidity of about 40%. A WC-6% Co ball, 5mm in 
diameter, was used as a counter body. The tests were 
performed at a normal load of 10 N and a sliding speed of 
450 mm/S was selected with a stroke length of 3 mm. In 
order to observe the dynamic impact resistance of the 
glasses, an MTS 810 impact tester was used. The impact 
frequency and the impact force were set as 100 Hz and 
200 N, respectively, and a Rockwell-C diamond stylus 
(0.2mm in diameter) was used.   
 
3 RESULTS AND DISCUSSION 
 
Typical load-penetration curve loaded up to 200 mN is 
shown in Fig. 1. It is clear the behavior is elastic-plastic 
and the maximum penetration for the spherical indenter 
is about 900 nm with a residual depth of about 450 nm. 
Some displacement bursts (pop-in) are observed in the 
plot. It is interesting to note that no apparent 
displacement pop-in can be observed in the 
load-penetration curve for the Berkovich indenter. The 
morphological characteristics of indents observed using 
AFM are shown in Fig. 2. Surface steps and pile-up are 
observed around both spherical and Berkovich indents. 
Serrated flow phenomenon characterized by 
displacement discontinuity due to discrete bursts of 
plasticity during indentation has been observed in Pd- 
and Nd-based amorphous metals [6-7]. Displacement 
discontinuity was also observed in a Zr-base metallic 
glass during spherical indentation. However, 
Vaidyanathan et al [8] showed that no displacement burst 
could be observed in a Zr41.25Ti13.75Ni10Cu12.5Be22.5 alloy 
although shear bands were identified in the form of 
stepped arcs around the Berkovich indents. They claimed 
the possible reason may be due to the fact that the 
load-displacement curve only reflects the macroscopic 
deformation but the indentation gives more information 
on deformation behavior at a microscopic level. 
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Fig. 1 Typical load-penetration curves of 
Zr41.25Ti13.75Ni10Cu12.5Be22.5. 
 
 
Fig. 2 Image of indented impression by the Berkovich 
indenter. 
 
It is agreed that for metallic glasses a constrained loading 
condition can result in apparent ductile flow by multiple 
shear bands but unconstrained loading, such as uniaxial 
tensile test only produce isolated shear bands that can 
traverse the entire cross section of a sample. Compared to 
a spherical indenter, a sharp indenter, like Berkovich can 
bring the stress up to a value high enough to yield the 
indented material even at relatively small loading [7-8]. It 
is reasonable to believe that a large number of small shear 
bands can be generated by a Berkovich indenter, rather 
than a spherical indenter. Therefore, the indenter shape 
may have an effect on the formation of displacement 
bursts on a load-penetration curve.    
 
Generally, pile-up is more pronounced for 
non-strain-hardening materials and this is exactly the 
case in metallic glasses where work hardening is less 
possible so that the surrounding material is easier to flow 
up around the indenter (pile-up) than to displace the 
material below the indenter [9].  
 
The elastic modulus as a function of indenter penetration 
below contact is shown in Fig. 3. This was measured 
using the partial-unload technique developed by Field 
and Swain [10]. The measured vale of modulus is about 
90 GPa, similar to the values (90~110 GPa) obtained 
from tensile tests. The modulus is not sensitive to the 
penetration depth.   
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Fig. 3 Effect of penetration on elastic modulus of 
Zr41.25Ti13.75Ni10Cu12.5Be22.5. 
 
The specific wear rates measured using the reciprocating 
wear tribometer are 2x10-4 mm3/mN and 3x10-4 mm3/mN 
for Zr41.25Ti13.75Ni10Cu12.5Be22.5 and Zr55Al10Ni5Cu30, 
respectively. Zr41.25Ti13.75Ni10Cu12.5Be22.5 has higher wear 
resistance than Zr55Al10Ni5Cu30. As mentioned before, 
dynamic impact resistance of the two metallic glasses 
was also estimated using an MTS 810 impact tester at a 
normal load of 200 N. The surface morphology after 200, 
000 impacts is shown in Fig. 4. 
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Fig. 4 Surface morphology of (a) 
Zr41.25Ti13.75Ni10Cu12.5Be22.5 and (b) Zr55Al10Ni5Cu30 after 
200, 000 impacts.  
 
It is clear that apparent damage is associated with the 
Zr55Al10Ni5Cu3, featured by a lot of debris around the 
impact impression. In contrast, a relatively smooth 
surface was observed in the Zr41.25Ti13.75Ni10Cu12.5Be22.5 
alloy, shown in Fig. 4 (a). Therefore, 
Zr41.25Ti13.75Ni10Cu12.5Be22.5 is superior to Zr55Al10Ni5Cu3 
in terms of resistance to both wear and dynamic impact. 
 
4 CONCLUSIONS 
 
Deformation and wear behavior was investigated using 
nanoindentation, reciprocating wear and dynamic impact 
tests. Apparent displacement bursts were observed in the 
load-penetration curve when the spherical indenter was 
used. However, in the curve corresponding to the 
Berkovich indenter, no pop-in was observed although the 
pile-up and some stepped arc were found around the 
indented impressions. This possible reason was 
postulated as the higher stress developed under a 
Berovich indenter prompting a large number of small 
shear bands. The elastic modulus measured using partial 
unloading indentation was independent with the 
penetration depth. Compared to Zr55Al10Ni5Cu3 alloy, 
Zr41.25Ti13.75Ni10Cu12.5Be22.5 has a higher resistance to 
both wear and dynamic impact. 
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